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Generalized parton distributions (GPDs) with purely 
transverse momentum transfer can be interpreted as Fourier 
transforms of the distribution of partons in impact parame- 
ter space. The helicity-fiip GPD E(x,0, — A x ) is related to 
the distortion of parton distribution functions in impact pa- 
rameter space if the target is not a helicity eigenstate, but 
has some transverse polarization. This transverse distortion 
can be used to develop an intuitive explanation for various 
transverse single spin asymmetries. 



I. INTRODUCTION 

Deep-inelastic scattering experiments allow the de- 
termination of parton distribution functions (PDFs), 
which have the very physical interpretation as momen- 
tum (fraction) distributions in the infinite momentum 
frame (IMF). PDFs are defined as the forward matrix 
element of a light-like correlation function, i.e. 



(p',s'\d q (x,o ± )\p,s) 



q(x) = (P,S O q (x,0±) P,S 



(1.1) 



Aq(x)S+ = P+(P,S O q , 5 (x,0 x ) 
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with 

O q , 5 (x,0 ± ) = 



^)lUC—, OxV*p + *- (1.2) 



When sandwiched between states that have the same 
light-cone momentum p + = -^(p° + P 3 ), these operators 
act as a 'filter' for quarks of flavor q with momentum 
fraction x. Throughout this work, we will use light-cone 
gauge A + = 0. In all other gauges, a straight line gauge 
string connecting the quark field operators needs to be 
included in this definition (1.1). Obviously, since PDFs 
are expectation values taken in plane wave states, they 
contain no information about the position space distri- 
bution of quarks in the target. 

Generalized parton distributions (GPDs) [1], which de- 
scribe for example the scaling limit in real and virtual 
Compton scattering experiments, are defined very sim- 
ilar to PDFs except that one now takes a non-forward 
matrix clement of the light-cone correlator 



= ^u(p',s') \^i+H q {x,i,t)+i 

(P',S'\O q , 5 (x,0 x )\P,S) 
1 
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(1.3) 

-E q (x,£,t) \ u(p,s) 
(1.4) 



E(x,U) u(p,s) 



with p^ = \ (p p 
the target, A M 



tn - 



being the mean momentum of 
p' 1 * — p^ the four momentum trans- 
fer, and t — A 2 the invariant momentum transfer. The 
skewedness parameter £ = — quantifies the change in 
light-cone momentum. 

An important physical interpretation for GPDs derives 
from the fact that they are the form factors of the light- 
cone correlators O q (x,0±) and O q ^{x : 0j_). Because of 
that, and by analogy with ordinary form factors, one 
would therefore expect that GPDs can be interpreted as 
some kind of Fourier transform of parton distributions in 
position space. Indeed, as has been shown in Ref. [3-5], 
the helicity non-flip 1 GPD H for £ = is the Fourier 
transform of the (unpolarized) impact parameter depen- 
dent parton distribution function q(x, bx), i.e. 



q(x,b ± )= J ^±e-^ b -H(x,0,-^ 



(1.5) 



The reference point for the impact parameter in Eq. (1.5) 
is the (transverse) center of momentum (CM) of the tar- 
get 



dx-T++ X± = x i r ±,h (1-6) 



where T++ is the light-cone momentum density compo- 
nent of the energy momentum tensor. The sum in the 
parton representation for R_l extends over the transverse 
positions rj_,i of all quarks quarks and gluons in the tar- 
get and the weight factors Xi is the momentum fraction 
carried by each parton. The impact parameter depen- 
dent PDFs are defined by introducing the b^-dependent 
light-cone correlation 



x The 'helicity' basis that we are using refers to the infinite 
momentum frame helicity [2]. 
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q{x,b±) 



where 



p + ,Rx = Ox, A 



6 g (a;,b_L) 



(1.7) 
p+Rx = Ox, A 



|p+ Ri = ± , A) = N J rf 2 P x \p + , Px, A) (1.8) 

is a state whose transverse CM is localized at the ori- 
gin and TV is a normalization constant. They are si- 
multaneous eigenstates of the light-cone momentum p + , 
the transverse CM (with eigenvalue Ox and the angu- 
lar momentum operator J Zl which is possible due to the 
Galilean subgroup of transverse boosts in the IMF [2] . 

A similar connection exists between H and impact pa- 
rameter dependent polarized PDFs 



Aq(x,bx) 



/ 



d 2 A ± 
(2n) 2 ' 



iA, -b. 



H(x,0,-Al), (1.9) 



where 



Aq(x,b ± )= (1.10) 
V,Rx = 0x,T O q . 5 (x,h ± ) p+,Rx = 0x,T' 



It should be emphasized that impact parameter depen- 
dent parton distributions have an interpretation as a 
probability density. In fact 



/ 



d 2 b±q(x,b ± ) = q(x) 

q(x,b ± )>0 (x>0) 
q(x,h ± )<0 (x<0) 



rf 2 bxAgr(a;,bx) = Aq(x) 
\Aq(x,b ± )\ < \q(x,b ± )\. 



Eqs. (1.5) and (1.9) imply that GPDs for £ = can be 
used to construct 'tomographic images' [6] of the target 
nucleon, where one can study 'slices' of the nuclcon in 
impact parameter space for different values of the light- 
cone momentum fraction x, and one can learn how the 
size of the nucleon depends on x. Another useful piece 
of information that is contained in these 3-dimensional 
images is how the light-cone momentum distribution of 
the quarks varies with the distance from the CM. 

Amazingly, the transverse resolution in these images is 
not limited by relativistic effects, but only by the inverse 
momentum of the photon that is used to probe the GPDs, 
which determines the pixel size in these images. 



plitudes because otherwise E(x,£ = 0, t) does not con- 
tribute [7] 2 



p+,P± + Ax,T 



p+,Px + Ax,T 



(2.1) 

6 q (x,0 ± ) P+,Px,t) =H(x,0,-Al). 



P + ,Pl 



(2.2) 



A., 
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E(x,0,-Al). 



Therefore, if one wants to develop a density interpreta- 
tion for E(x, 0, — AjJ one needs to consider states that 
are not helicity eigenstates. The superposition where the 
contribution from E is maximal corresponds to states 
where j and { contribute with equal magnitude. We thus 
consider the state 

\X) = -L [\p+,R± = Ox, T) + \P + , R± = Ox, I)] , (2.3) 

which one may interpret as a state that is 'polarized in 
the x direction (in the IMF)'. However, since the notion of 
a transverse polarization is somewhat tricky in the basis 
that we are using (states that are eigenstates of p + and 
Rx), there may be some relativistic corrections to the 
actual interpretation of what this state corresponds to. 
In the following, we will keep this caveat in mind when 
studying the properties of this state even though we will 
refer to this state as a 'transversely polarized nuclcon (in 
the IMF)'. The unpolarized impact parameter dependent 
PDF in this state will be denoted qx{x, b±). 

Repeating the same steps that led to Eq. (1.5) and 
using Eqs. (2.1) and (2.2), one finds 



(1.11) = 



qx{x,b ± ) = (X\O q (x,b ± )\X 
d 2 A ± 



-iA_L -b^ 



(2n) 2 



H q (x,0-±l) + ^E q (x,0-Ai) 



(2.4) 



where we denoted E q the Fourier transform of E q , i.e. 



£ q (x,b±) 



d 2 A A 

W) 2 



1A1 -bj 



E q (x,0,-Al). (2.5) 



Physically, what this result means is that for a nucleon 
that is transversely polarized and moves with a large mo- 
mentum, an observer at rest sees parton distributions 
that are distorted sideways in the transverse plane. Ob- 
viously, for transversely polarized nucleons the axial sym- 
metry of the problem is broken and the impact parameter 



II. GPDS WITH HELICITY FLIP 



In order to develop a probabilistic interpretation for 
E(x,0,t), it is necessary to consider helicity flip am- 



2 The helicity labels |, 1 in Eqs. (2.1) and (2.2) refer to 
helicity states in the IMF [2] . 
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dependent PDFs no longer need to be axially symmetric. 
The direction of the distortion is perpendicular to both 
the spin and the momentum of the nucleon. 3 Although 
the distortion is mathematically described by Eq. (2.4) 
in a model-independent way, it is instructive to consider 
a semi-classical picture for the effect where the physical 
origin of this distortion results from a superposition of 
translatory and orbital motion of the partons when the 
nucleon is polarized perpendicular to its direction of mo- 
tion. If the spin of the nucleon is "up" (looking into the 
direction of motion of the nucleon) and the orbital an- 
gular momentum of the quarks is parallel to the nucleon 
spin then the orbital motion adds to the momentum on 
the right side of the nucleon and subtracts on the left 
side, i.e. partons on the right side get boosted to larger 
momentum fractions x and on the left they get deceler- 
ated to smaller x (compared to longitudinally polarized 
nucleons) . Since parton distributions decrease with x (at 
large momenta they drop like a power of x and at small 
x they grow like an inverse power of x) , boosting all par- 
tons on one side of the nucleon results in an increase of 
the number of partons at a fixed value of x on that side, 
while the opposite effect occurs on the other side. There- 
fore, the acceleration/deceleration due to the superposi- 
tion of the orbital with the translatory motion results in 
an increase of partons on the right and a decrease on the 
left, i.e. the net result is that the parton distribution 
in the transverse plane has been shifted or distorted to 
the right. Of course, for quarks with orbital angular mo- 
mentum antiparallel to the nucleon spin the direction of 
the distortion is reversed (to the left). In Ref. [8] it has 
been shown that the helicity flip GPD E is related to the 
angular momentum carried by the quark. This result, 
together with the above semiclassical description about 
the physical origin of the distortion, provides an intuitive 
explanation for the fact that this distortion is described 
by E. 

It should be emphasized that transverse asymmetries 
in impact parameter dependent PDFs are consistent with 
time-reversal invariance since b ■ (p x S) is invariant un- 
der T. In contrast, k ■ (p x S) is not invariant under 
T, and therefore transverse asymmetries in unintegrated 
parton densities q(x, kj_) are only permitted if final state 
interaction effects are incorporated into the definition of 
unintegrated parton densities [9]. 

Unfortunately, little is known about generalized par- 
ton distributions and it is therefore in general difficult 
to make predictions without making model assumptions. 
However, it is possible to make a model independent 
statement about the resulting transverse flavor dipolc 
moment 



d y q = j dx J d 2 b ± q x (x,b ± )b y 

= ^J dx J d 2 b±£ q (x,b ± ) = ^J dxE g (x,0,0) 

(2.6) 



^2, g (0) 

2M ' 



where we used that the integral of E q yields the Pauli 
formfactor i*2, q for flavor q [8]. For u and d quarks, 
i*2 i9 (0) = K q / p in the proton is of the order of \nq/ P \ ~ 
1 — 2 (for a more detailed estimate see Appendix A), i.e. 
the resulting transverse flavor dipole moments are on the 
order of 



~ 0.1 -0.2 fm. 



(2.7) 



In fact, using only isospin symmetry, one finds for a trans- 
versely polarized proton (A4) 



(2.8) 



i.e. the flavor center for u and d quarks get separated 
in opposite directions to the point where the separation 
is of the same order as the expected size of the valence 
quark distribution. 4 

In order to illustrate the magnitude of the distortion 
graphically, we make a simple model for the Aj_ depen- 
dence of GPDs [4] 



H q (x,0,-A 2 j 



q(x)e 



-aAi(l-x)lni 



(2.9) 



This ansatz incorporates both the expected large x be- 
havior (H q should become ^-independent as x — > 1) and 
the small x behavior (Regge behavior). Furthermore, in 
the forward limit (A_l =0), H q reduces to the unpolar- 
ized PDF q(x). In impact parameter space this ansatz 
implies 



q{x,h\) = q(x) 



47ra(l — x) In ■ 



4a(l-*)ln- 



(2.10) 



4 It should be emphasized that the transverse center of 
momentum of the whole nucleon does not shift since 
Sigq a I dxxEi(x, 0, 0) = if one sums over the contribu- 
tions from all flavors as well as from the glue [10]. 



Note that S x ft transforms like a position space vector f 
under P and T transformations. 
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u(x,b ± ) u x (x,bx) 




FIG. 1. u quark distribution in the transverse plane for 
x — 0.1, 0.3, and 0.5 (2.10). Left column: u(x, bj_), i.e. 
the u quark distribution for unpolarized protons; right col- 
umn: ux(x,h±), i.e. the unpolarized u quark distribution 
for 'transversely polarized' protons \X) = ||) + ||). The dis- 
tributions are normalized to the central (undistorted) value 
u(x,0±). 



the distributions for each value of x and both u and d 
quark distributions to the value of the longitudinally po- 
larized distribution at = 0. 

The 'tomographic slices', i.e. the impact parameter de- 
pendences for a few fixed values of x, that are shown in 
Figs. 1 and 2 clearly demonstrate what should have been 
clear already from our model-independent result above 
(2.6): at larger values of x, the u and d quark distri- 
butions in a transversely polarized proton are shifted to 
opposite sides and the magnitude of the distortion is such 
that there is a significant lack of overlap between the two. 
Other models for E(x,0,t) [11] yield very similar result 
since the overall magnitude of the effect is constrained 
by the model independent relation Eq. (2.6). 

Such a large separation between quarks of different fla- 
vor, which is both perpendicular to the momentum and 
spin of the proton must have some observable effects. 
For example, in semi-inclusive photo-production of pi- 
ons off transversely polarized nucleons, the u quarks are 
knocked out predominantly on one side of the nucleon. 
Therefore the final state interaction will be different for 
pions produced going to the right compared to those go- 
ing to the left, which in turn may lead to a transverse 
asymmetry of produced pions. Other examples are flavor 
exchange reactions and for given transverse polarization, 
the added quarks might be picked up predominantly one 
one particular side of the hadron, suggesting a transverse 
asymmetry of the hadron production relative to the nu- 
cleon spin. In the next section, we will present a simple 
model for these final state interactions, which together 
with the transverse asymmetries in the position space 
distribution of partons, leads to predictions for the signs 
of the transverse asymmetries in various hadron produc- 
tion reactions. 



For the helicity flip distributions E q we assume that 
the Aj_ dependence is the same as for H q and we fix the 
overall normalization by demanding that the integral of 
E q (x,0, 0) yields the anomalous magnetic moments 

E u (x,0,t) = -K u H u {x,Q,t) 

E d (x,0,t) = K d H d (x,0,t). (2.11) 

We should emphasize that this is not intended to be a 
realistic model and we only use it to illustrate the typical 
size of effects that one might anticipate. 

The resulting parton distributions in impact parame- 
ter space for u and d quarks are shown in Figs. 1 and 2 
respectively. Note that PDFs as well as GPDs decrease 
significantly from x = 0.1tox = 0.5. In order to be able 
to plot the impact parameter dependence we normalized 
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d(x,b x ) d x {x,b ± ) 




FIG. 2. Same as Fig. 1, but for d quarks. 

III. SINGLE TRANSVERSE SPIN 
ASYMMETRIES 

Many semi-inclusive hadron production experiments 
show surprisingly large transverse polarizations or asym- 
metries [12]. Moreover, the signs of these polarizations 
are usually not dependent on the energy. This very sta- 
ble polarization pattern suggests that there is a simply 
mechanism that underlies these polarization effects. In 
the following, an attempt is made to link the large trans- 
verse distortions of parton distributions in impact param- 
eter space for transversely polarized nucleons (baryons) 
with these transverse single spin asymmetries. 

We will make the following model assumptions for fla- 
vor transitions in high energy scattering events: In a fla- 
vor changing process, as many quarks as possible (here- 
after referred to as "spectators") originate from the im- 
pacting hadron. Any additional quarks are produced 
from the breaking of a string that connects the spectators 
with the target right after the impact. Since this string 
exerts an attractive force on the "spectators" before it 



breaks, this picture suggests that the transverse momen- 
tum of the final state hadron will point in the direction 
given by the side on which the additional quarks were 
produced. 

Note that this model implicitly focuses on more periph- 
eral scattering events for describing the signs of baryon 
polarizations at large xf- Although these may not be 
the only possible events, we expect that central collisions 
are less likely to produce the observed pattern of large 
and only weakly energy dependent polarizations. This is 
supported for example by the observation that the polar- 
ization of the produced A hyperons is particularly large 
in diffractive production [13]. 

These simple model assumptions, together with the 
transverse distortion of quarks in transversely polarized 
hadrons provide an intuitive explanation for the large ob- 
served transverse polarization in inclusive hyperon pro- 
duction as we will demonstrate in the following. For this 
purpose, let us consider for example a A that is produced 
moving to the left of the incident proton beam. 




Pp 



FIG. 3. Inclusive p — > Y scattering where the incoming p 
(from bottom) diffractively hits the right side of the target and 
is therefore, according to the model assumptions, deflected to 
the left during the reaction. The ss pair is assumed to be 
produced roughly in the overlap region, i.e. on the left 'side' 
of the Y. 

Using our model assumptions above, this implies that 
the s quark was produced on the left side of the A. Since 
K s/A > 5 such a state with an s-quark produced on the 
left side has a much better overlap with a A that has spin 
down (when one looks into the beam direction) rather 
than spin up. 




FIG. 4. Schematic view of the transverse distortion of the 
s quark distribution (in grayscale) in the transverse plane for 
a transversely polarized hyperon with k% > 0. The view is 
(from the rest frame) into the direction of motion (i.e. mo- 
mentum into plane) for a hyperon that moves with a large 
momentum. In the case of spin down (a), the s-quarks get 
distorted toward the left, while the distortion is to the right 
for the case of spin up (b). 

Therefore, for a A that has been deflected to the 
left one would expect a polarization that points down- 
ward. Following the usual convention, where the po- 
larization direction is defined w.r.t. the normal vector 

n = fbeam x P final /\Pbearn X p final | , the A should have 

negative polarization, which is also what is observed ex- 
perimentally [12]. Likewise, since k s /s < and k s /s > 
(Appendix), one would expect that E and S hyperons 
are produced with polarizations "up" and "down" re- 
spectively when one starts from an incident proton beam 
and the hyperon is produced to the left of the beam. 

If the incident beam consists of A or £ hyperons, then 
the polarization of produced 5 hyperons is of course the 
same as in the case of incident nucleons since it is still 
only s quarks that need to be substituted. However, the 
situation changes if one considers A — > E and E — * A 
production reactions, because there it is a u or d quark 
that needs to be substituted. If we now use that k„/a = 
K d/A < and for example k u /e > 0, one finds that the 
sign of the polarization of A/E produced from a E/A 
beam is reversed compared to the respective polarizations 
that arise when one starts from a nucleon beam (Fig. 
5). However, we should emphasize that |/c u m| is only 
about half as large as k s /a and therefore the transverse 
distortion of the u/d quarks in a transversely polarized 
A is expected to be smaller than the one of the s quarks. 
We therefore expect that the polarization of A produced 
from an incident E beam is not only reversed but also 
significantly smaller in magnitude than those produced 
from a proton beam. 




FIG. 5. Transverse polarizations of hyperons that are pro- 
duced from an unpolarized beam and target (represented by 
an empty circle). According to the model assumptions, the 
final state hadron is deflected in the direction given by the 
side on which the missing quarks were produced. and Cg> 
represent hyperons with spin pointing out of the plane and 
into the plane respectively. 

For neutron production the spin in the final state is not 
self-analyzing. However, our model also predicts inter- 
esting asymmetries with respect to the spin of the initial 
state. 
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FIG. 6. Beam and target spin asymmetries for 
p — ► n/ meson and semi-inclusive 7 — ► meson respectively. 

In order to be converted into a neutron, the proton 
must strip off one of its u quarks. A proton that is polar- 
ized 'down' has its u quarks shifted to the left of its center 
of momentum, i.e. it can strip off a u quark more easily 
when it passes the target on the right and, at least within 
our model, will be more likely to result in a neutron that 
is deflected to the left (Fig. 6). In summary, we therefore 
expect neutrons to be more likely to be produced to the 
left of the beam if the proton spin is downward and to 
the right if its spin is upward, corresponding to a neg- 
ative analyzing power. This result agrees with a recent 
measurement at RHIC [14]. 

We should emphasize that similar reasoning for inclu- 
sive hyperon production also implies a spin asymmetry 
with respect to the incident proton spin. If we define 
again a positive analyzing power An if protons with spin 
up give rise to a final state hadron that is deflected to the 
left, then p — ► A should also have Am < since there one 
also needs to substitute a u quark in the proton. The 
situation is similar for p — > 3 — , where both u quarks 
need to be substituted. In the case of p — > S+ , it is the 
d quark that is substituted and therefore An > 0. 

The beam asymmetries in semi-inclusive meson pro- 
duction can be explained similarly. In order for a proton 
to convert into a 7r + , one of its u quarks needs to 'go 
through'. This is most likely to happen if the u quarks 
are on the "far side" of the interaction zone. This favors 
protons with spin up when the proton passes the target 
on the right and spin down when it passes on the left side 



of the target. If we assume again that the final state in- 
teraction that leads to string breaking is attractive (until 
the string breaks) then protons with spin up result in 7t + 
that are more likely deflected to the right, while protons 
with spin down are more likely resulting in 7r + that are 
deflected to the left, i.e. we expect a positive analyz- 
ing power for p — ► tt + and the same for p — > K + . For 
tt~ we expect a negative analyzing power since there the 
leading quark is a d quark, which would be more likely 
on the side opposite to the u quarks for a transversely 
polarized nucleon and one expects a negative analyzing 
power. For p — > 7r°, 77° the leading quark could be both u 
or d, but since valence u quarks outnumber the d quarks 
in a proton, one expects that the net analyzing power is 
again positive, but smaller than for ir + . These results 
seem to be consistent with the pattern that is observed 
experimentally [15]. 

In order to understand target spin asymmetries, it is 
useful to analyze the process in the CM frame where 
the projectile and the target have initially opposite mo- 
menta. As an example, let us consider the target spin 
asymmetry in semi-inclusive electro-production of pions 
on a transversely polarized proton target (Fig. 7). 




FIG. 7. Photon hitting proton target, a) laboratory frame, 
b) CM frame. The polarization of the proton is into the plane. 
According to the results from Sec. II, the u quarks (schemat- 
ically indicated by a dashed circle) are shifted down. 

For a target polarization that is into the plane, and ap- 
plying the results from Sec. II, the u quark distribution 
in the CM frame is shifted down, while the d quark dis- 
tribution is shifted up. Semi-inclusive photo-production 
of mesons with a u valence quarks (e.g. 7r + , 7r°, rf , K + ) 
occurs dominantly through photons that initially inter- 
act with a u quark in the target, which later fragments 
into the meson. Applying again our model assumption 
from above, i.e. using that the QCD string deflects the 
u quark toward the center, we conclude that the mesons 
with a valence u quark are produced preferentially in the 
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up direction (Fig. 6) within this model, i.e. to the left 
if one looks into the direction of the photon momentum 
and the spin of the proton is down. For mesons without 
valence u quarks, such as the 7r~, there arc two com- 
peting effects: when the photon hits the d quark first 
then our argumentation above would favor tt deflected in 
the direction opposite to 7r+, since the d quarks are, for 
a given polarization of the proton, shifted in the direc- 
tion opposite to the u quarks. However, the contribution 
from 'disfavored' fragmentation u — > 7r~ is enhanced due 
to the fact that the photon is much more likely to hit a u 
than a d quark in the proton and therefore the resulting 
asymmetry is not immediately obvious. 

IV. DISCUSSION 

Our model for generating the polarizations and spin 
asymmetries is much too crude to make detailed quanti- 
tative predictions about the size of the effects. However, 
the model matches the observed signs and provides a nat- 
ural explanation for the fact that the observed effects are 
very large. We not only obtain a unified description for 
polarization and single spin asymmetry experiments but 
at the same time develop a link between these spin ob- 
servables and parton distributions in impact parameter 
space. 

There have been a number of models attempting to 
explain polarizations observed in hyperon production ex- 
periments and it would be beyond the intended scope of 
this article to provide a detailed comparison with all of 
them 5 , but we would still like to point out a few simi- 
larities and differences. 

It is interesting to compare our attempt to link asym- 
metries of parton distributions in impact parameter space 
with single spin asymmetries with attempts to link asym- 
metries of unintegrated parton densities with the single 
spin asymmetries [17]. The main difference between these 
two approaches is that we start from a transverse asym- 
metry in position space. The final state interaction of the 
outgoing quark the converts the position space asymme- 
try into an asymmetry for the transverse momentum of 
the final state hadron. The Sivers effect is complemen- 
tary in that it starts already from an asymmetry in the 
transverse momenta of the unintegrated parton densities. 
Of course, since S ■ (k q x p) is not a Lorentz scalar un- 
der time-reversal, such an asymmetry in the unintegrated 
parton densities appears only if the final state interaction 
is included into their definition via appropriate Wilson 
lines [9], i.e. in a sense the final state interactions arc 
already included in the definition of these unintegrated 



5 A nice recent review on the subject can be found in Ref. 
[16]. 



parton densities. From that point of view, these two ap- 
proaches are complementary attempts to explain single 
transverse spin asymmetries, which both have in common 
that they rely on final state interactions, although the 
technical details are very different and it remains to be 
seen whether the Sivers model and this work describe the 
same physics but only from different angles or whether 
they actually describe different physical mechanisms. 

The pattern of signs that we predict resembles very 
much that of other semi-classical models. This should 
not come as a surprise since the orbital angular momen- 
tum of quarks plays an important role in many of these 
models. In our model the connection with quark or- 
bital angular momentum appears because the same GPD 
that describes the transverse distortion of PDFs in im- 
pact parameter space [namely E q (x, 0, A^)] also appears 
in a sum-rule for the angular momentum carried by the 
quarks [8] . Nevertheless there are few differences to these 
models. For example, in a model where the interaction 
is assumed to happen at the front of the hadron, the 
left-right asymmetries are generated by the transverse 
momentum of quarks with orbital angular momentum at 
the front side [19]. Such a model would in general predict 
exactly the same polarization/asymmetry pattern as our 
model, with the exception of reactions where the incom- 
ing projectile is a photon. In that case the absorption 
is weak and it is not legitimate to argue that the inter- 
action of the photon with the target should be a surface 
effect. Therefore, models where the polarization results 
as a combination between the initial state interaction and 
the quark orbital angular momentum would only predict 
a very small transverse single spin asymmetry in semi- 
inclusive photo-production experiments. In our model, 
the impact parameter space asymmetry is translated into 
a momentum asymmetry of the outgoing hadron as a re- 
sult of the final state interaction and therefore the ex- 
pected asymmetries in semi-inclusive photo-production 
experiments are of the same order of magnitude as in 
hadro-production experiments. 

Like in Ref. [18], the physical mechanism that even- 
tually leads to polarization/asymmetries in our model is 
the final state interaction of the fragmenting quark(s). It 
would be interesting to see if the similarity between these 
two mechanisms goes beyond this simple observation. 

It is conceivable that studying spin transfers, i.e. the 
correlation Dnn between the transverse polarization of 
the produced baryon and the transverse polarization of 
the beam, leads to further insights about the mechanism 
for transverse polarizations because it may help to dif- 
ferentiate between various models. In our model a cor- 
relation between the spins of the initial and final baryon 
arises because the transverse distortion of impact param- 
eter dependent PDFs in transversely polarized hadrons 
leads to both polarizations as well as transverse single 
spin asymmetries. The correlation between the initial 
and final state transverse spin is such that the removed 
valence quark should be on the same side of the initial 
state baryon as the substituted valence quark in the final 
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state baryon. Therefore the sign of D^n is determined 
by the sign of the product of the K q for the valence quark 
that stripped of and the quark that is substituted for it. 
For example, in the p — > A transition, a u quark needs to 
be substituted by an s quark. Since n u / p * k s / A > we 
would expect a positive spin transfer in this case. 

V. SUMMARY 

Generalized parton distributions for purely transverse 
momentum transfer can be related to the distribution 
of partons in the transverse plane. When the nucleon 
is polarized in the transverse direction (e.g. transverse 
w.r.t. its momentum in the infinite momentum frame) 
then the distribution of partons in the transverse plane 
is no longer axially symmetric. The direction of the 
transverse distortion is perpendicular to both the spin 
and the momentum of the nucleon. Classically the effect 
can be understood as a superposition of the translatory 
motion of the partons along the momentum of the nu- 
cleon with the orbital angular motion of partons in the 
nucleon. The sign and magnitude of the distortion of 
(unpolarizcd) PDF in impact parameter space can be 
expressed in terms of the helicity-flip generalized parton 
distribution E g (x, 0, — A^_). Since J dxE q can be related 
to the Pauli form factor i 7 ^ for flavor q, one can thus re- 
late the resulting transverse flavor dipole moment of the 
distorted parton distributions to the anomalous flavor- 
magnetic moment K q / p in the proton. We are thus able 
to link the transverse distortion of partons to the mag- 
netic properties of the nucleon which leads to a model- 
independent prediction for the resulting transverse flavor 
dipole moments that are on the order of 0.1 — 0.2 fm. 

Such a large transverse dipole polarization for quarks 
of different flavor should also have observable effects in 
semi-inclusive hadron production experiments. We intro- 
duced a simple model to translate the transverse asym- 
metry of the parton distributions in impact parame- 
ter space into transverse asymmetries of the produced 
hadrons. The basic idea of the model is that the lead- 
ing quark(s), 6 before they fragment into the observed 
hadron, experience an attractive force from the QCD 
string before the string breaks. This attractive force be- 
tween the produced outgoing hadron and the target rem- 
nant leads to the left-right asymmetry in the observed 
hadron distributions. 

We use this model to explain or predict a number of 
baryon — ► baryon' experiments, where the transverse 
distortion of transversely polarized baryons favors cer- 



tain final polarization states and therefore leads to trans- 
versely polarized baryons in the final state. We argue 
that the large transverse hyperon polarization at high en- 
ergies that is observed in these experiments is naturally 
explained due to the fact that the transverse flavor dipole 
moment of transversely polarized baryons in the infinite 
momentum frame is also very large. A similar mechanism 
is used to explain the asymmetry in semi-inclusive meson 
production using either a transversely polarized proton 
beam or incident virtual photons hitting a transversely 
polarized target. 
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APPENDIX A: SU(3) ANALYSIS OF BARYON 
MAGNETIC MOMENTS 

We use a notation, where F^ B denotes the the Pauli 
form factor F 2 defined as the matrix element of a vector 
current with flavor q, i.e. qj^q between states of the 
baryon B. It is related to the usual electromagnetic form 
factor for that baryons using 

Fi{Q 2 ) = fi? /B (Q 2 ) - \f? b {Q 2 ) \f? b {Q 2 ). (Al) 

For the transverse flavor dipole moments, we need to 
know the the anomalous magnetic moment contributions 
for each quark flavor and each baryon 

K q/B = F* /B (0). (A2) 

Experimentally, little is known beyond the electro- 
magnetic linear combination J2 q e q K q/B f° r a few 
baryons. For our purposes, namely explaining the signs 
of various asymmetries, it will be sufficient to know the 
sign and order of magnitude of the the K q / B . Therefore, 
we will use SU (3)-flavor symmetry which should be suf- 
ficient for an accuracy of a couple of 10% to estimate 
the K q /B- The only input that we use are the anomalous 
magnetic moments of the proton and neutron 

2 1 1 

2 11 

K " = g K ti/n — 7^ K d/n ~~ ~^ K s/n = 1-91 (A3) 

and we will assume that n s / p w 0. 7 Using isospin sym- 
metry, this implies 



In photo-production experiments, the 'leading quark' in the 
model is simply the struck quark, while in hadro-production 
experiments the 'leading quarks' are spectator quarks from 
the incident hadron. 



7 Although k s / p is not known very accurately, it is neverthe- 
less clear that its numerical value is significantly smaller than 
K u / p and K d / V and it should therefore be justified to neglect 
its contribution for the kind of estimate that we are interested 
in. 
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fcu/p — -+- k tl -\- fcs/p ~ 1-67 

= 2k„ + k p + K s/p w -2.03. (A4) 

If one assumes SU(3) symmetry, then the flavor magnetic 
moments for baryons of type aab are trivially related to 
the ones in the proton, using n a /B — k u / p , n h j B ~ n d / p , 
and k c /b = k s / p , which implies for example 

K s/s = K d/ P ~ -2.03 

= k u/p w 1.67. (A5) 

The A is less trivial, but a straightforward SU(3) analysis 
yields 

2 12 
k s /a = ^Vp - 3 K d/ P + ~ 1-79. (A6) 

For flavor changing transitions among hyperons, we also 
need the u/d moments 

« M /s+ = K u /p ~ 1-67 
1 2 

K«/A = Kd/A = 7 K «/P + o K d/p + K s/p ~ -0.98. (A7) 
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